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ABSTRACT

During the period of this grant a high-spsed photographic study.
has been made of the initiation of explesive liquids (using sparks -
and impact) and of single crystals of explosive solids (using shock
and hot wires). The physical hemogenuity of the material hgs.been
chowm to have a marked effect on its sensitivity. Studies of the
fracture of inert solids have shown the importance of specimen geometgy
and of crack speed on the fragmentation process. Both high-spced
photography and ult;asonic methods have becen used for the fracture
work, Onc of the main advances has been in the theoretical work

on thermal explosion theory,
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‘a! Theorctical

Thermal Explosion Theory. The effect of reactant consumption on critical

conditions.

We outline below & general theory describing the evolution of
temperature with extent of decomposition in an explosive mass suddonly
introduced into a biga temporatwre enviromment. Most of the assumptions
conmon to thermal explosion theory are abandoned and oxact oxpressicns
for critical Prenk-Kamenetski (F-K) tomperaturcs are derived. Our
metihod owes much to that of Adler & Euig (Combustion and Flame, 8, 97,
1954) but is very much more gencral,

The bazic problem., A mass of explcesive of volume V, surface area S,

hee the uwmiform temperature T and loses heat to its surroundings vhich
are a: a temperatuce To at a rate which is an arbitrary function of
(T - To). The rate of heat gencration duc to chomicel rcaction is
proportional to the product of an arbitrary function of T and an arbitrory
function f the fracticnal oxtent of decompesition T) o Whon doos the

1

system exhibit cxplosive behaviour?

The rate of hoat accumulation is given by:

’ aT
q]_ = VoC at (1)

vhero o is the density, t the time, and C the specific hcat/unit mass.

The rate of hecat loss duo to conduction/convection/radiation is

2, = HS(T = To) B (T = To) (2)

wherc H has the dimensions of a heat transfer cocfficiont and F1 is

dimensionloss,

(1)




The rate of heat evolution due tc chemical reaction is

. Ly’
ay = - Vg & (3)

vwhere g is the total exothermicity/unit mass.

The kinetic law is assumed to have tho separablc form

c8 o &k, o) N (&)

where ¢ is the concentration of reactant (°o its initial value) and
o
N=l-p =g (5)

u.nd/'\ is an arbitiary function of the fraction of reactant undecomposed.

The temporature dependence of the initial recaction rate is assumed

to have the arbitrary form

~E
K(T, cp) = K(og) + B, (T) exp (35 ) (6) .
whore .'u‘2 is oan arbitrary function of tempecrature.

Our basic ogquation is thoe law of conservation of cnorgy

ql = q2 = QB (7)
which wic prefor to write in dimonsionloss form by making the following

substituticns:
E RTo CTo
0=-L, (T-To), c=22 , p=cie
RToz b4 E ) q
8
W Vo qk(Te, c4)/¢0 (8)
HScToFl(eTo)

Equations (1) through (8) givo our dimonsionloss basic equation the form

pLo1-wt @0 (9)
A

(2)




vhere P is tho rociprocal P-K roduced adiabatic tomporature risc and Y ,
which wo sholl call the Semecnov oriterion, hos tho critical valuo (2,71828---)"1

in tho spocial caso considercd in Semonov's classical theory for which:-
°=°,p=°sA51’F1'F2§1 +

The function @ (), which wo call tho P-K function, is givon by

P Y, P :1(“3“) By (@) :
1(s%0) F, To(1 + @) (20)

so that @ has tho simple form

@='i9‘:eo +mn(l + @) - (p -~ 1) Ind (11)

vhoen we adopt the plausidblec forms:

P, = const. X (T - To)p'l; p = const. (12)

P, = ccast. X ™ ; m = const. (13)
Tho treatment below applics to the gencral form (10) of the F-K function.
Form (11) moroly illustrates tho sort of concroto function we have in
mind. Conventional thermal cxplosion thcory assumes form (11) with
m=0,p=1,¢=0,ic., ) =6,

Particular cases of the kinotic function vhich arec of intorcst
arc arbitrary n® ordor: N =A%; n 20 (14)
autccatalytic: N\ =a(1 -12) (15)

Initial conditions. Tho system starts at somc arbitrary tecmpora-

turc © 0! with no reactant consumption
0=6,ath =0, (16)
usually O { 0.

A study has boon made of thc form of curves (9) subjoct to (16) in the

(3)
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(9,% ) planc and a simple analytical mothod for finding closc upper
ané lower bounds en the value of \Y for which cxplosion just fails to
occur has been almost entirely claborated and will be rcported in dotail
later. We show here how to caleulato the critical valuc of the F-K

temperature. Curves (5) have an oxtremum when

Al -1 5o~ @)
() oxtr. - go (17)
and their curvature (by differentiating (9) ) is given by
a% -2 p-2 -
d.v._
-1 . -{H )
where 2 = (/\ - eeq -0 @, +p/\, (19)
Differentiating again we find
3 - 0 (i
\..}ﬁzi.%=/\20 @g§+z-gx(/\20 m’) (20)

o
vt o6l 0,0, g
El = 9@‘ 9”‘/\ -Yeo (b(l 9@ ) dg; (21)
# {3‘ Q/\ /\)‘ dg‘
andE% (/\-2 -®) =N\3, 01/\@963 2/\:’ (22)

The locus of tho infloxions of curves (9) is given by

)
;(__)
3

2=0 (191)
(by cquation (18) ). Or frem (17)
I\ int. = Noxtr, * BAN tne, X () o (23)
whero
X(OJ = ""— @ (24)
(&)
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Now usually A\ X 2 0 for all A\, so that (23) moans

sign (Ao =M ) = siga (X) (25)

The essonce of explosive bchavicur is that X is discontinuous,
100, 1 = 9@0 has goros, so that tho infloxion locus has branches
lying on alternate sides of thoe locus of extrema. In all cases of
interest wo find a rogion of ths (0 ,f} ) within which hoth %-?)- and -(f-g- aro
positive, and following Adler & Enig wo say that tho state point mi?t
enter this "explcsive perinsular" for an explosion to occur. Critical

bohaviour is cbsorved when 2 curvo (9) touches the inflexion locus, i.e.,

2 3
A

e oo criticality (26)
ar?  an’

/ /

for then the state point just fails to onter the cxplosive peninsular.
Soubining (26) and (28) through (22) we find

. 2
y A 1x @ 4,

> (27)
N (1 - 9@9)2

I II
In goneral 6 . can be found by eliminating N from (27) and (191), but
certain special forms of /\ makc tho process simpler.
If term I in (27) happens to be indopondont of A thon (27) is
immediately an cquation in gcr alono. (Term II however is nover indo-
pendent of @ for forms of @ of intorcst to us.)

If wo rogard AAM =K = const. as a difforontial oquation in/\
2
M

we find that the only selutions of physical intercst arc

(5)

et ——r A M+ ¢ ————— g = = - R —



A -1
/\=7\n;n>/ O;A—'—é'- =—r-l-

A
Thus for tho general nﬂ;l order roaction (n not nocossarily intogral),
and only in the case of a kinotic law of this kind, wo find that tho

critical tempecrature is givon by
2 2
(1 -0 @ =n1 - e’ @ ) (28)

and in particular @ _ is independint of the paramotors ¥, B

For the standard functions (11) ~ (13) cquation (28) givos a quartic
equation in @ which is readily solved (although the rosulting oxprossions
&ro cumboréomo).

The casoc p = n, m = 0, is ospecially simplo and yields

Or = T= pe (29)

For most cxplosives we have ¢ & 1. The solution of (28) and (11)
with ¢ = ¢ is simply
+
Or =P " J m
3 + b -
k_"_r.)_ =2 (2 -0) -2 ,pn .L}p -n -inJ (30) *
de [ =0
Tho valuos of 6 . givun by (28) no longor cocrrespond to oxplosion when
1 - 9@ o has no zoros (say becausoc ¢ is too large).
Thus therc is a tcrmination in oxpleasive bohaviour whon-

1-0@ =1+ 0y, =0 (31)

Whox O is oliminatod from (31) wo thus havo an oxprossion for the maximum

x Only valuos corrosponding to tho + sign rcpresont oxplosion

(6)
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possible value of ¢ for oxplosivc behaviour. ZEquations (31) and (11)

glvo

for oxplosion

Much sirongor limitations con be imposed upon the valuc of ¢ by
ﬁorforming crude intogrations of (9). These will be deseribed in tho
noxt roport.

An important foaturc in our general oxamination is the following.
Onco having located (ocr’ t}cr), as wo have by oquaticns (19i) and (27),
wo con essign ¢ , B, e, L., n, p and/or any other paramctors that may
%o involved in Fl and F2 and thon intcgrato backwards numerically from
tho oritical point until @ =0 (ﬁ? = 0) is roached., In this way wo
detormino

\*j or =\-§Jcr (ﬁ’ ¢, m, n, p, 9'))

withcat resorting to the time-consuming "straddling" techniques.

!bz Liquii Explosivos

Work under this leading has boer described in the paper "Formation
2€ Covitics and Micro Jets in Liquids and their Role in Initiation and
Growth of Explosion" by Bowden and McOnic (Proc. Roy. Soc. in Press),

In the oxperiments a Ch continuous access framing camera was uscd
to film the cxplosion process in thin films of nitroglycorine. Initiation
of oxplosion was by a varioty of mothods inoluding impact, spark, and
cxploding foil. The study shovied:

(i) that cavitics or bubblos in 4hc liquid could chargo a slow burning

(7)
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procoss into a fast dotonation. Furthor, that if cavitics or bubblos
woro not prosent bofore tho procoss started, that thoy could be intro-
duccd by stross waves sot up by tho cxplosion process itsolf,
(i1) That thore aroc various situations during tho cxplosion process vhon
fast micro-jots can bec produccd, and that thesc rast jots can lcad to
violent cxplosion., Thesc jots can be produced, for oxample, betwoon
coalescing drops, whon cavitios are collapscd by stress waves, or whon
cavitics collapsc nocar a solid surfacoc.

Prcsent work involves a oloscr study of the collapsc of cavitics in

gels of ranging viesocity.

(c) Solid Explosivos

Work on the mechanism of tho slow and oxplosive docomposition of
tho fulminates was complcted this ycar and the rosults will bo publishod
shertly. In addition to normal mcthods usod to study docomposition and
measurc olecctron cnergy levels in solids, we have carried out X-ray
studics to dotorminc how fulminatos pack in the unit cecll. This vas

roquired for an undorstanding of thc docomposition on tho molocular lovol.

!d} Fracturc of Inort Crystals

A study of thc propagation of fracturc in crystallino snlids is in
progress. The fracture growth aas boon followod both by high-spood
photographic and ultrasonic tochniquua. This lattor mothod consists
ossontially of passing a high frequoncy (say 5 x 108 c.pe8.) boam of
ultrasonic waves through a solid at tho time of fracturc. Tho oseilla-
ting tcnsions added by tho ultrasonic boam modulato the fracturc growth

causing a faint ripple to bo produccd on the fracturo surfaco; this acts

(8)
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as a pormincnt rocord of the fracturc dovolopmont, Sinco the fro-
quonoy of the imposod waves is known tho spacing of the ripples glves
an accurato mcasuromont of crack vclocity, ard acncloration,

Tho fracturc study has shown:
(i) that maximum propagavion rates cxist for many matorials,
(ii) that oracks in glasslike solids tend to branch whon they roach
a high veolocity, but that this branching is suppresscd in orystalline
solids having wcll dcfincd olcavage plancs, thua cnabling eracks in
orystallino solids to recach rclatively higher valocitios (as compared
with their stress wave volocitics).
(11i) +hat -rack branching can bo caused by the interaction of a
fracturc with a strcss wavc.
(iv) tha% the dotajled fragmentation of a solid is greatly affcctod

by the duration of the stress pulsos involved in the process.

Recently an attompt has been made to photcgraph down through crystals

onto tho developing fracturce face, This diffcrs frem the more convon-
tional approach which obscrves crack propegation through solids cdgc=on.
This new method has been shown to be feasible; i1t is more diffioult

oxperimentally but has tho advartago that the detailed development of

all the featurcs on the fractvroe facc can be followed,

(9
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